The adaptation to visuomotor rotations is one of the most studied paradigms of motor learning. Previous 22 literature has presented evidence of a dependency between the process of adaptation to visuomotor 23 rotations and the constrains dictated by the workspace of the biological actuators, the muscles, and their 24 co-activation strategies, modeled using muscle synergies analysis. To better understand this 25 relationship, we asked a sample of healthy individuals (N =7) to perform two experiments aiming at 26 characterizing the adaptation to visuomotor rotations in terms of rotations of the activation space of the 27 muscle synergies during isometric reaching tasks. In both experiments, subjects were asked to adapt to 28 visual rotations altering the position mapping between the force exerted on a fixed manipulandum and 29 the movement of a cursor on a screen. In the first experiment subjects adapted to three different 30 visuomotor rotation angles (30°, 40° and 50° clockwise) applied to the whole experimental workspace. 31
Introduction 48
Adaptation to visuomotor rotations is one of the most widely studied paradigms of motor learning 49 (Krakauer et al., 2000; Krakauer et al., 2019) , and has been extensively discussed in the past three 50 decades. Correlates of the processes contributing to visuomotor adaptations have been observed, 51 directly or indirectly, in the primary motor cortex (Wise et al., 1998) , the supplementary motor cortex 52 consequently, the control of voluntary movements, from several different points of view. Some studies 59 have characterized how adaptations generalize (Shadmehr, 2004) , either by transferring to similar 60 untrained scenarios (Krakauer et al., 2006) , or even to another limb (Sainburg and Wang, 2002) or by 61 interfering with incompatible adaptations (Bock et al., 2001; Woolley et al., 2007) . Other studies have 62 been able to discern between the implicit and explicit components of the learning associated with the 63 adaptation process (Taylor et al., 2014; Bond and Taylor, 2015) . Moreover, the visuomotor adaptation 64 paradigm has often been used to investigate which frame of reference, implicit (joint-based) or explicit 65 (world-based) is employed when planning, executing and adapting movements (Krakauer et al., 2000; 66 Brayanov et al., 2012; Carroll et al., 2014; Rotella et al., 2015) . Most of these studies have investigated 67 adaptations in terms of task performance or through their unraveling in the intrinsic space of joint 68 coordinates or in the extrinsic space specific to the experimental set-up that was employed in the study. 69
A few studies have also investigated how motor adaptations are achieved in the space of the body 70 actuators, the muscles. In these studies, visuomotor and force-field adaptations have been linked to the 71 "tuning" of muscular activity (Thoroughman and Shadmehr, 1999; Gentner et al., 2013) , consisting in 72 perturbation-dependent rotations of the activation workspace of the muscles involved in the movement. 73
Following the observation that complex movements can be described, at the neuromuscular level, by 74 the combination of a limited number of muscular co-activation modules, generally referred-to as muscle 75 synergies (d' Avella et al., 2003 Marchis et al., 2018) and even appears to dictate what kind of perturbations can be adapted for (Berger 81 et al., 2013) . Nevertheless, a full characterization of the link between motor adaptations and the tuning 82 of the muscle synergies is still lacking. 83
Therefore, the aim of this study is to further understand how the muscular co-activation strategies that 84 have been observed consistently during voluntary movements in the upper limb constraint visuomotor 85 adaptations and if there are identifiable and exploitable relationships between the spatial characteristics 86 of a perturbing visuomotor rotation and the muscular activity during isometric reaching tasks. 87
To achieve these aims, we first investigated how different visuomotor rotation angles applied to the 88 whole workspace during isometric reaching movements affect the rotation of all the synergies 89 characterizing the neuromuscular control. The aim of this experiment was to confirm previous 90 observations, derived in studies employing only one perturbation angle, that synergies and muscles 91 tuning is proportional to the angle of the perturbing rotation De Marchis et al., 92 2018) . In a second experiment we investigated how a rotation affecting a small sub-space of the whole 93 movement workspace leads to differential rotations of the synergies involved. 94
Here we found a selective tuning of the muscle synergies that is constrained, as expected, only to the 95 synergies directly acting in the perturbed sub-space and that is proportional to the distance between the 96 perturbed workspace and the workspace covered by each synergy. This proportionality allowed us to 97 derive some generalizable observations on how synergies and muscles are tuned in response to specific 98 visuomotor rotations. The results of this study can provide useful information on how visuomotor 99 rotations can be used to design a desired neuromuscular output, by exploiting fixed relationships 100 between the representation of movement in the neuromuscular space and the visual perturbations.
Methods: 102

Experimental setup and Protocol 103
Seven healthy individuals (2 females, age 26.7 ± 2.6) participated in this study. Each individual 104 participated in two experimental sessions, performed in different days within the same week, each 105 consisting of a series of isometric reaching tasks performed with their right arm. All the experimental 106 procedures describe in the following have been approved by the Ethical Committee of University 107
College Dublin and have been conducted according to the WMA's declaration of Helsinki. All subjects 108 gave written informed consent before participating to this study. Each experimental session was 109 performed using the setup previously used in (De Marchis et al., 2018) . During all experimental 110 procedures, the subjects sat in a chair with their back straight and their right hand strapped to a fixed 111 manipulandum. Their right forearm was put on a support plan, their elbow was kept flexed at 90° and 112 their shoulder horizontally abducted at 45° (Figure 1A) , so that the manipulandum would be exactly in 113 front of the center of rotation of their shoulder. The wrist and forearm were wrapped to the support plan 114 and immobilized using self-adhesive tape. The elevation of the chair was controlled so to keep the 115 shoulder abducted at 100°. The manipulandum consisted of a metal cylinder of 4 cm of diameter 116 attached to a tri-axial load cell (3A120, Interface, UK). Data from the load cell were sampled at 50 Hz. 117
Subjects sat in front of a screen displaying a virtual scene at a distance of 1 m. The virtual scene 118 consisted of a cursor, whose position was commanded in real-time by the x and y components of the 119 force exerted on the load cell through the manipulandum, a filled circle indicating the center of the 120 exercise space and, depending on the phase of the exercise, a target, represented by a hollow circle. 121
Both the central and target circles had a radius of 1.3 cm. Across all the blocks of the experiment 122 subjects experienced a total of 16 different targets, positioned in a compass-like configuration at angular 123 distances of 22.5° ( Figure 1A) and at a distance of 9.5 cm from the center of the screen, equivalent to 124 15 N of force exerted on the fixed manipulandum (with the center of the virtual scene corresponding to 125 0 N). The virtual scene and the exercise protocol were controlled using a custom Labview software. In 126 both experiments, the subjects were asked to perform both unperturbed and perturbed movements, 127
where the perturbation consisted of a clockwise visuomotor rotation affecting the mapping between the 128 force exerted on the manipulandum and the position of the cursor shown on the virtual scene. The angle 129 experimental session subjects underwent a practice trial with the setup. In this trial (identical to the 131 unperturbed baseline and post-adaptation trials present in both Experiment 1 and 2), subjects were asked 132 to reach to the 16 targets in a randomized order three times, for a total of 48 movements. In all the trials 133 the movement time was not restricted, and subjects were presented a new target only when the current 134 target had been reached. However, subjects were instructed to reach the targets at a comfortable speed 135 in a time not exceeding 1.5 s and were given negative feedback (target turning red) if they took more 136 than the expected time to reach for each target. Subjects were asked to bring the cursor back to the 137 center of the screen as soon as they reached a target. These instructions were used for all perturbed and 138 unperturbed reaching trials performed during both experiments, with the exclusion of the normalization 139
blocks (see below). 140
Experiment 1 consisted of 19 blocks (Figure 1B) . The first block consisted of a normalization block 141 that was used to determine the average EMG activity relative to 8 reaching directions covering the 142 whole workspace at angular intervals of 45°. During the normalization block subjects were asked to 143 reach for each one of the eight targets (presented in a random order) and hold the cursor on the target 144 for 5 seconds. Subjects repeated the reach-and-hold task three times for each target, for a total of 24 145 movements. The following 18 blocks were divided in 3 macro-blocks each constituted by 6 blocks. In 146 each macro-block, subjects experienced 1 baseline block (BL), where they were asked to reach for all 147 the 16 targets three times (48 total movements) without the visual perturbation. Subjects then 148 experienced 3 adaptation blocks (AD1, AD2 and AD3) where they reached for all the 16 targets three 149 times (48 total movements) while the visual perturbation was applied to the whole workspace. Finally, 150 subjects experienced 2 post-adaptation blocks (PA1 and PA2), where they were asked to reach for all 151 the 16 targets three times (48 total movements) without the visual perturbation. Each macro-block was 152 characterized by a different visual perturbation angle during the AD blocks, equal to 30°, 40° or 50°, in 153 a random order. All 3 AD blocks of a macro-block were characterized by the same visual perturbation 154 angle. 155 Experiment 2 consisted of 25 blocks ( Figure 1C ). The first block of Experiment 2 consisted of a 157 normalization block, identical to the one experienced in Experiment 1. The following 24 blocks were 158 divided in 8 macro-blocks each constituted by 3 blocks. During each macro-block subjects experienced 159 a baseline block BL identical to the one experienced during Experiment 1 (48 unperturbed movements, 160 3 per target in a random order). Then subjects experience an adaptation block AD, consisting of 106 161 reaching movements, where a 45° visual perturbation was applied only to one target, while the virtual 162 scene was unperturbed for the other 15 targets (Figure 1C and D) . Subjects were first asked to reach 163 for the perturbed target 5 times, then they were asked to reach for all the 16 targets (including the 164 perturbed one) three times, each repetition interspersed by a single repetition of the perturbed target. 165
Thus, each reaching movement to one of the 16 targets, presented in a random order, was followed by 166 a movement to the perturbed target. Subjects in this phase alternated perturbed and unperturbed 167 movements except for when the perturbed target was interspersed with itself, where they experienced 168 3 consecutive perturbed targets. Subjects concluded the block by experiencing the perturbed target 5 169 consecutive times. In total, during the AD block, subjects performed 45 unperturbed and 61 perturbed 170 movements (an example of the order of perturbed and unperturbed targets in the AD block is presented 171
in Figure 1D ). The design of this block allowed for evaluating how adapting for a perturbation acting 172 on one single target affected also the reaching to the unperturbed targets. At the same time, this 173 experimental design counteracted the forgetting effect that reaching for unperturbed targets has on the 174 adaptation process. Each of the 8 macro-blocks was characterized by a different perturbed target during 175 The initial angular error was calculated, for each movement repetition, as the angle between the optimal, shortest, straight trajectory and the actual trajectory at 2.6 cm from the center of the workspace. the AD block. After the AD block, subjects experienced a single PA block, identical to the ones 176 experienced during Experiment 1. The perturbation was applied to 8 targets covering the whole 177 workspace at angular intervals of 45° ( Figure 1C) . The order of the perturbed target, and thus of the 178 macro-blocks, was randomized. 179
Analysis of reaching movements 180
Data from the load cell were filtered using a low-pass filter (Butterworth, 3 rd order) with cut-off 181 frequency set at 10Hz. Changes in the force trajectories during the different phases of both the 182 experiments were characterized using the initial angular error (IAE) metric. The IAE was calculated 183 "committed" to the movement but has not yet started compensating for the initial shooting error. In the 190 analysis of Experiment 2, we analyzed the IAE metric as a function of the distance between the target 191 analyzed and the perturbed target. In this analysis, we pooled together the data relative to the AD phase 192 of each macro-block and we calculated the average (across macro-blocks and subjects) IAE for each 193 target as a function of their angular distance from the perturbed target. Moreover, we analyzed the 194 behavior of the IAE metric both for the repetitions of the perturbed target only and for the repetitions 195 of its 4 (2 clockwise, 2 counterclockwise) closest targets. 196
EMG signal recording and processing 197
EMG signals were recorded, during both experiments, from the following 13 upper limb muscles: identified. The reference normalization value for each muscle was calculated as the average peak 210 envelope value across the three repetitions of the target maximizing the muscle's activity. 211
Semi-fixed synergies model and synergy extraction 212
In the muscle synergies model, a matrix M containing s samples of the envelopes obtained from the 213 EMGs recorded from m muscles is decomposed, using the non-negative matrix factorization (NMF) of the variance accounted for). 226
There are some conceptual and technical limitations to the fixed-synergies approach. In first instance, 227 this model requires that the muscle synergies are fully represented, at the neurophysiological levels, by 228 the matrix W, which hard codes the relative activations of the different muscles relative to each synergy 229 module. Even if the neurophysiological muscle synergies were consistent with this spatially fixed 230 synergistic model (rather than, e.g., a dynamic synergy model such as the ones described in would be hard-fixed, but rather "stabilized" by the neurophysiological substrates encoding the 233 synergies. We found, in fact, that single muscular activations can be altered, within the synergies, 234 depending on task demands (Zych et al., 2019) . 235
Moreover, a technical limitation of the standard fixed-synergies approach lies in the fact that EMG 236 recordings can undergo changes in conditions during a recording session (e.g. sweat during long tasks 237
can alter the signal-to-noise ratio of a channel) and between recording sessions, thus by fixing the 238 relative weights between the muscles we may lose variance in the reconstructed data caused by 239 exogenous, rather than endogenous, changes in the EMGs. For these reasons we here introduce the We evaluated the quality of the envelope reconstruction obtained in each block using the semi-fixed 277 synergy model by calculating the R 2 between the original envelopes and the envelopes obtained by 278 multiplying W Exp and H Exp . To assess for statistically significant differences in R 2 across the different 279 blocks we employed ANOVA for comparing the average (across macro-blocks) R 2 obtained in each 280 block, for both experiments. Finally, in order to justify subsequent group analyses on the synergy 281 activations, we evaluated the similarity between the W Ref extracted from each subject using the 282 normalized dot product. In order to do so, we calculated, for each subject, the similarity between the 283 
Synergy and muscle rotation analysis 286
Previous works have shown that adaptations to visuomotor rotations during planar isometric movements were fitted using a linear regression in the form:
( ) = 0 + 1 cos( ) + 2 sin( ). The preferred 310 angle of the fit was then calculated from the fitting parameters as = −1 ( 2 / 1 ). Only preferred 311 angles calculated from significant (p < 0.05) fittings were used in subsequent analyses. In both 312 experiments we evaluated the difference in preferred angles between the BL blocks and the different 313 AD and PA blocks. We refer to these differences as the rotations in preferred angles, or tunings, due to 314 the adaptation process. 315
In Experiment 1, we analyzed the rotation of each synergy for each subject during all the AD and PA 316 blocks of each macro-block. Moreover, we also evaluated the rotation of the average (across subjects) 317 RMS() of each synergy at AD3 for all three perturbation angles. 318
In Experiment 2, in each macro-block, we analyzed the rotation of each synergy of each subject for 319 each perturbed target during AD. We grouped the rotations relative to the adaptations to the different 320 perturbed targets depending on the angular distance between the perturbed target and the preferred angle 321 of each synergy. We did this both across all perturbed targets and synergies and for each perturbed 322 target singularly by ranking the synergies from the closest to the furthest to the perturbed target in terms 323 of absolute angular distance with the synergy preferred angle. 324
Finally, as a validation of our approach, we calculated the preferred angles also for each of the 13 325 muscles and then calculated the rotations that these preferred angles incurred between BL and AD3 in 326 Experiment 1 and between BL and AD for Experiment 2, using the same procedures we employed for 327 the synergies activation patterns. We then assessed if the rotation of the single muscles correlated with 328 the rotation of the synergies to which they contribute. A muscle was considered as contributing to a 329 synergy if its weight in the synergy was above 0.25 (De Marchis et al., 2015) where, in our model, the 330 maximum value that a muscle can have in a synergy is 1. We evaluated the correlation using Pearson's 331 coefficient, applied to the data pooled across subjects, synergies and experiments. 332
333
Results 334
Force Trajectories 335
The results on the analysis of the force trajectories and the IAE metric for Experiment 1 followed closely 336 the results obtained in literature in similar experiments (Krakauer et al., 1999; Krakauer et al., 2000; 337 Wigmore et al., 2002; Gentner et al., 2013) . Across the three perturbation angles, we found that subjects, 338 on average, presented increasing values of IAE with increasing perturbation angles in the first 339 movement of the first AD block (26.9 ± 15.3°, 33.0 ± 14.0° and 55.4 ± 9.7° for the 30°, 40° and 50° 340 perturbations respectively) and they were subsequently able to adapt and come back to a smaller IAE 341 (<7° on average in the last 5 movements of each AD3 block for all three perturbations) through the 342 repetitions of the different movements in the three AD blocks (Figure 3A, 3B and 3C) . The adaptation 343 exhibited an exponential behavior. 344
In Experiment 2 we found that subjects were able to adapt their force trajectories to perturbations 345 applied to a single target (Figure 4A) . Subjects were able to minimize the IAE metric for the trained target, and this was mirrored by an IAE opposite to that induced by the perturbation in the adjacent, 347 unperturbed, targets (Figure 4B) . We found that targets positioned both clockwise and 348 counterclockwise with respect to the perturbed target were affected by the adaptation and presented 349 rotations opposite in direction with respect to the angle of the visual perturbation (Figure 4C) . Targets 350 positioned clockwise with respect to the perturbed target presented substantial counter-rotations up to 351 about 120° of angular distance to the perturbed target, while the same effect was present 352 counterclockwise only up to about 70° of angular distance (Figure 4C) . 353
At the temporal level, the perturbed targets first exhibited a decrease in IAE metric during the 5 354 continuous movements at the beginning of the AD trial (Figure 4D) . The average values of IAE 355 increased as subjects began to experience the unperturbed targets interspersed with the perturbed one. 356
Nevertheless, they were able to compensate for the presence of the unperturbed targets and reached an 357 average value of IAE <10° by the end of the interspersed phase. They were finally able to reach an IAE 358 value close to 0° during the last 5 continuous perturbed movements. On the other hand, the 4 45°-359 adjacent targets (2 clockwise and 2 counterclockwise) presented a constant average IAE value (about 360 25° of counterclockwise rotation) across their 12 repetitions (3 per target), indicating that the effect of 361 the adaptation for the perturbed target over the unperturbed ones was maintained constant over the AD 362 block (Figure 4E) . 363
Synergy extraction and validation of the semi-fixed synergy model 364
Consistently with what we previously showed (De Marchis et al., 2018), we found that 4 synergies can 365 well represent the activity of all the muscles during both experiments. The 4 synergies were distinctly 366 distributed in the different quadrants of the workspace and presented consistent preferred angles across 367 the different subjects. In the following the preferred angles will be indicated using the W target (in a 368 compass rotation) as 0° and increasing clockwise and the workspace will be referenced to by using the 369 terms far and close for the upper and lower parts and lateral and medial for the left and right parts of 370 the workspace, using the right arm as reference (Figure 5A and 5D) . 2. The yellow synergy was characterized by the activation of the latissimus dorsi and teres major and 381 was mostly active in the close-lateral quadrant of the workspace. This synergy presented a preferred 382 angle of 26.9 ± 15.0° for Experiment 1 and 15.8 ± 7.1° for Experiment 2 (Figure 5A and 5D) . 383
The 4 synergies were able to well describe the variability of the data for the reference datasets (obtained, 384 in both experiments, by pooling together the data of the BL blocks). We observed an average (across 385 subjects) R 2 of 0.86 ± 0.04 for the reference synergies extracted during Experiment 1 and an average R 2 386 of 0.84 ± 0.05 for the reference synergies extracted during Experiment 2. When analyzing the average 387 (across subjects and macro-blocks) R 2 for the different experimental blocks as reconstructed using the 388 semi-fixed synergies algorithm from the reference synergies, we found that the R 2 values were above 389 0.8 for all blocks in Experiment 1 (Figure 5B) . Moreover, we did not observe statistically significant 390 differences in the R 2 values among the different blocks (p = 0.98, ANOVA 1-way). The same results 391 were observed also for Experiment 2 (Figure 5E) , were the data reconstructed using the synergies 392 extracted using the semi-fixed approach maintained an average (across subjects and macro-blocks) R 2 393 > 0.8, with no statistically significant differences across the different blocks (p =0.99, ANOVA 1-way). 394
Finally, we analyzed the across-subjects similarity between the reference baseline synergies calculated 395 for each subject. We found an average similarity of 0.77 ± 0.04 for Experiment 1 and of 0.81 ± 0.04 for 396 Experiment 2, indicating that subjects have similar synergies among them in both experiments. 397
Synergies Rotations 398
In this analysis we evaluated how the workspace spanned by the activation patterns of each synergy 399 changed during the different adaptation exercises. In Experiment 1 we found that, for all three 400 perturbation angles, the synergies rotate almost solitarily (Figure 6A) by angles close to the one of the 401 visual perturbations (Figure 6B, 6C and 6D) . These results are in line with what presented in (Gentner 402 et al., 2013) , where the author showed that a 45° visual rotation induces a rotation of the activation 403 pattern of the synergies close to 45°. 404
We analyzed the average (across synergies) rotation of the synergy workspace for each subject in each 405 block (Figure 6B) . Here we observed that subjects, across the three perturbations, appear to increase their average synergy rotation after the first block and achieve maximal rotation in the 3 rd (30° 407 perturbation) or 2 nd (40° and 50° perturbations) block of adaptation. Subjects do not appear to show an 408 after-effect in the synergies, but rather a small residual rotation. This result is expected and was 409 previously observed in another adaptation study (Zych et al., 2019) and indicates that biomechanical 410
after-effects such as the ones observed in Figure 3 arise from the utilization of the adapted synergies in 411 the unperturbed space. 412
For the rotations calculated from the average (across subjects) synergy RMS() at AD3 (Figure 6C) , 413
we found rotations spanning from 24.6° (yellow synergy) to 32.5° (red synergy) for the 30° 414 perturbation, 31.4° (azure synergy) to 40.4° (green synergy) for the 40° perturbation and 41.3° (azure 415 synergy) to 43.4° (red synergy) for the 50° perturbation. We found similar results for the rotations 416 calculated from the data of each single subject (Figure 6D) , although subjects exhibited high variability 417
among them for each combination synergy/perturbation-angle. We observed a range of median rotations 418 spanning from 21.9° (yellow synergy) to 26.6° (red synergy) for the 30° perturbation, 35.5° (yellow 419 synergy) to 36.8° (green synergy) for the 40° perturbation and 43.3° (green synergy) to 46.6° (red 420 synergy) for the 50° perturbation. 421
In Experiment 2 we tried to characterize how the different synergies rotate when only a sub-space of 422 the workspace is perturbed. An initial visual analysis of the average (across subjects) synergies RMS() 423 at BL and AD (Figure 7) sparked two initial observations: i) only the synergies involved in the reaching 424 to the perturbed target are rotated in the adaptation process; ii) synergies whose preferred angle is close 425 to the angle of the target being perturbed are not rotated. These two observations are equivalent to the 426 observation that synergies are rotated only if engaged at the boundaries of their activation workspace. 427
The analyses of the synergy rotations of the single subjects confirm this observation. We observed that 428 each synergy is maximally rotated during the adaptation to the perturbed target that is approximatively 429 90° clockwise with respect to the preferred angle of the synergy at baseline (Figure 8A) . This 430 observation is true for all 4 synergies, although they seem to exhibit different degrees of "sensitivity" 431 to the adaptation process. In this regard, the azure synergy is only rotated for perturbed targets that are 432 45° to 120° clockwise with respect to the synergy preferred angle and the yellow synergy exhibits small 433 values of rotation during almost all adaptation blocks. The analysis of the rotations for the 4 synergies 434 pooled together further confirms the original observation ( Figure 8B) and shows that the rotation of the 435 synergies is close to 0° when the preferred angle of the synergy is very close (< 20°) to the perturbation 436 angle. The rotation then increases in the clockwise direction reaching a maximum of about 20° at about 437 90° of distance between the perturbation angle and the synergy preferred angle and decreasing 438 afterwards. In the counterclockwise direction, we observed an increase in rotation up to about a distance 439 of 60° and inconsistent results afterwards. 440
As an additional analysis we ranked, for each perturbation angle, the synergies from closest to furthest 441 in absolute angular distance to the perturbed target ( Figure 8C) . We observed, once again, that 442 synergies closer to the perturbation angle exhibit the smallest rotation, while higher rotations are 443 observed in the second and third closest synergies. In this analysis, it is also possible to notice the high 444 variability exhibited by the rotations. This variability may be inherent to the phenomenon observed or derived from the methodology employed, where raw data are first factorized, then segmented and then 446 fitted to a cosine fit, with each passage potentially introducing additional variability. 447
In order to validate our approach of analyzing adaptations in the synergies, rather than muscular, space, 448
we analyzed how the single muscles rotate, on average, in both experiments. In Experiment 1, we found 449 (Figure 9A) that the average rotation of the muscles increased with the perturbation angle, with average 450 values across subjects equal to 24.6 ± 4.6, 29.6 ± 3.8 and 41.3 ± 3.5 for the 30°, 40° and 50° 451 perturbations respectively. In Experiment 2, we once again analyzed the relationship between the 452 muscle rotation and the distance between the baseline preferred angle (of the muscles in this case) and 453 the angle of the perturbation, in a homologue of the analysis presented in Figure 8B . We found ( Figure  454 9B) that muscular rotations held a behavior consistent with that observed in the synergies (Figure 8B ) 455
Figure 7. Synergies rotations for Experiment 1. (A)
Average (across subjects) RMS() of synergies activations for each target for BL (solid lines) and AD (dashed lines) for all perturbed targets. In the AD block, for the unperturbed targets the values are calculated from all three repetitions of each target, while the values for the perturbed targets are calculated from the last 3 repetitions during the interspersed phase of the block (see Fig. 1D and 4D) by which muscles with preferred angles close to the perturbed targets are not rotated during the 456 adaptation, while rotations increase in the clockwise direction up to a maximum distance of about 90° 457 to 110°. Counterclockwise we observed rotations only for angular distances between the preferred angle 458 and the perturbation that are smaller than 60°, as in the synergies analysis. Finally, we compared the 459 rotations of the single muscles with the rotation of the synergies to which those muscles contribute to. 460
In this analysis (Figure 9C) we observed a moderate significant linear correlation between the rotation 461 of the synergies and of the muscles, characterized by a value  = 0.57. We found that the angular 462 coefficient of the line better fitting the data was equal to 0.59, indicating an overall underestimation of 463 the rotation in the synergy-based analysis, that appears to depend mostly from an underestimation of 464 negative rotations. 465 
